The diagnosis of male infertility is vastly complex. To date, morphology, motility, and concentration have been used as key parameters to establish the sperm normality and achieve pregnancy both in natural and in assisted fecundation. However, spermatozoa from infertile men could present a variety of alterations, such as DNA fragmentation, alterations of chromatin structure, and aneuploidy, which have been demonstrated to decrease reproductive capacity of men. Therefore, the ability to see detailed relationships between morphology and physiology in selected spermatozoa with submicrometric resolution in a nondestructive and noninvasive way and within a functional correlated context could be extremely important for the intracytoplasmic sperm injection procedure. In this review, we describe label-free optical spectroscopy and imaging techniques, based on the combination of Raman spectroscopy/imaging with holographic imaging, which are able to noninvasively measure the (bio)chemistry and morphology of sperm cells. We discuss the benefits and limitation of the proposed photonic techniques, with particular emphasis on applications in detection/characterization of sperm cell morphological defects and photodamage, and the identification/sorting of X-and Y-bearing bovine spermatozoa.
Introduction
Sperm cell analysis is an imperfect tool but remains the cornerstone of the investigation of male infertility [1] . The sperm selection is one of the most crucial aspects of the assisted reproductive techniques and an effective procedure for selecting normal sperm is greatly needed [2] . Routine semen analysis is based on the analysis of sperm cell morphology, motility, and concentration [3] [4] [5] [6] [7] [8] . Although this assay reveals useful information for the initial evaluation of the infertile male, it is not a test of fertility. The standard selection protocols are not discriminatory with respect to the identification of spermatozoa with normal haploid chromosome or intact chromatin or DNA [9] [10] [11] . Sperm DNA integrity is assessed by destructive methods such as terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay [12] , comet assay [13] , sperm chromatin dispersion (SCD) test [14] , or sperm chromatin structure assay (SCSA) [15] , which are assays for the detection of damaged DNA or altered protein in sperm nuclei by using specific stains. Indeed, current sperm physiology tests are of limited clinical utility as they render the sample unusable [12] [13] [14] [15] [16] [17] .
Recently, spectroscopy has emerged as one of the major tools for biomedical applications and has made significant progress in the field of clinical evaluation. Research has been carried out on a number of human cells using spectroscopic techniques, including Raman spectroscopy. This vibrational spectroscopic technique does not require sample labelling, getting biochemical information directly from the inelastic light scattering induced by its molecular vibrations, and only small amounts of material (micrograms to nanograms) with a minimum sample preparation are required (water or culture medium can be used as solvent) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . This makes Raman spectroscopy a relatively simple, noninvasive, and nondestructive technique providing molecular-level information, allowing investigation of functional groups, bonding types, and molecular conformations [29] [30] [31] . Interestingly, due to the cited characteristics, it has been successfully employed for the study of several living/fixed cells [20] [21] [22] [23] [30] [31] [32] [33] , including sperm cells [6] [7] [8] [25] [26] [27] [28] . Huser et al., in a recent paper, studied membranous human sperm cells by Raman spectroscopy and correlated the nuclear shape (normal versus abnormal) with protein content and DNA packaging [27] . The Raman approach has been used to demonstrate that spectra could identify UVinduced [28] or oxidative nDNA damage [34] , localize and map DNA damage [28] , assess the mitochondrial status in human spermatozoa [25] , and separate sperm cells that are bound to the human zona pellucida from unbound sperm cells [35] . In 2015, Edengeiser et al. showed that Raman spectroscopy allows to chemically assess single, living human spermatozoa in near-physiological conditions [26] .
Additionally, Raman spectroscopy can be easily combined with complementary optical approaches, such as holographic microscopy [7, 8, 36] . Based on the refractive index difference between the cell and the surrounding medium, holographic microscopy analyses the phase of the light transmitted by the sample and allows 3D quantitative sample image reconstruction [37] [38] [39] [40] [41] [42] . Compared with the established morphological approaches used in biology such as fluorescence microscopy or more sophisticated techniques for instance atomic force microscopy (AFM), holographic imaging has three potential advantages: (i) The entire volume information can be acquired in one shot, avoiding mechanical movements [4, 37, 38, 43] .
(ii) The reconstructed images can be exploited for quantitative microtopology (such as volume measurements) [37, 38, 44, 45] .
(iii) The sample can be analysed in a physiological state [39, 40] . Therefore, holographic microscopy enables the high contrast characterization of live specimen [38-40, 44, 46, 47] .
Due to the holographic microscopy ability for quantitatively monitoring cell structure and dynamics, it has been used to address specific questions in the field of andrology research. Indeed, several configurations [44, 45, [48] [49] [50] have been implemented to track the principal features of sperm morphology and navigation in a 3D chemical landscape enabling accurate analysis of cell parameters such as 3D tomography, biovolume, curvilinear velocity, and straightline velocity.
The combination of both holographic microscopy and Raman measurements could further improve the sperm cell analysis monitoring simultaneously morphological and physiological parameters. A combined approach based on sequential measurements with the same laser probe has been proposed by Kang et al. [51] for the investigation of blood disorders. By using two separate laser probes, Pavillon et al. demonstrated for the first time the possibility to simultaneously measure the morphological live cell (HeLa cell) characteristics in real time during the Raman acquisition [36] . Thus, this combined imaging approach could be the perfect candidate for noninvasively and nondestructively selecting single, live spermatozoa for the intracytoplasmic sperm injection procedure.
It is the purpose of this review to highlight the analytical potential and the achieved results of the combined Raman spectroscopy/imaging approach and holographic microscopy for the morphological and physiological characterization of single selected sperm cells. The following topics will be discussed:
(1) Correlative Morphological and Physiological Characterization of Sperm Cell Defects. Firstly, we discuss the ability to correlate the detailed morphological information provided by the holographic images with the biochemical analysis provided by the Raman imaging approach.
(2) Raman Spectroscopy and Holographic Microscopy for Sperm Cell Sex Sorting. Secondly, we focus on recent achievements in the identification of X-and Ychromosome-bearing sperm cells by using the Raman/holography approaches.
(3) Simultaneous Anatomical and Biochemical Analysis of Sperm Cell Photodamage. Finally, we study the photodamage induced by visible irradiation in order to demonstrate the completeness of our approach in simultaneously detected morphological and biochemical photo-oxidative damages on the sperm cells.
In a concluding section, we will present our expectations regarding the future importance of the proposed combined photonic technique as an efficient method for healthy and fertile living sperm cell selection, without injuring the sample, improving assisted reproduction technique outcomes and increasing the pregnancy rate.
Materials and Methods

2.1.
Raman Spectroscopy/Imaging. The Raman spectroscopy is a spectroscopic technique based on the principle of the Raman scattering. When the laser light interacts with the sample object, most photons are scattered at the same optical frequency (energy) of the incident one (Rayleigh scattering), while a small fraction (approximately 1/1000000), interacting with the molecular vibrations, can be scattered at different frequencies (inelastic scattering). The process leading to the inelastic scattering is known as the Raman effect, and the shift in energy between incident and scattered photons provides information on the vibrational modes in the analyte:
Basically, an image sensor (CCD or CMOS) acquires the hologram; that is, the interference pattern formed when a reference beam of fixed wavelength (coherent monochromatic light source) encounters light of the same fixed wavelength arriving from an object (the object beam). The scattered light by the sample object is
where O and φ are the wave field amplitude and phase in the hologram plane x,y , respectively. In a transmission mode, the phase shift is related to the optical path difference (OPD) by
where the OPD depends on the refractive index and thickness of both the biological sample and the material containing the object itself [38] [39] [40] 46] . Due to their different optical path, the reference and object waves interfere at the surface of the recording device, and the hologram is proportional to the intensity of this interference pattern. The resulting intensity distribution depends on the phase difference and contains information about the morphology of the sample under test. Therefore, the holographic approach employs the interference between the object and reference beams to codify the phase information to a recordable intensity distribution [38] [39] [40] 46] . Indeed, despite an optical field consists of amplitude and phase distributions, all detectors record intensity only. By using the information incorporated in the acquired hologram, a discrete version of the complex optical wavefront diffused by the sample object is numerically reconstructed at the plane of acquisition [38] [39] [40] [42] [43] [44] [45] [46] [47] .
The morphological analysis of the spermatozoa was carried out through the acquisition of a single-shot hologram (Figure 1(a) ), corresponding to the intensity pattern of the interference between the object and the reference beams. The resulting intensity distribution depends on the phase difference and contains information about the morphology of the sample under test. We used the "off-axis" configuration, introducing a small angle between the object and reference beams in order to avoid the spatial overlapping of three diffraction terms [5] . Figure 1 [8, 54] , it is possible to provide the focused amplitude map of the propagated object field (Figure 1(d) ).
2.3. Combined Raman/Holographic Microscope. The optical setup enabling simultaneous Raman and holographic imaging requires the use of two different laser sources [8, 36] . The setup used for the sperm cell analysis is schematized in Figure 2 [8] . The Raman excitation was provided by a diode laser at 532 nm (Laser Quantum, Opus, max power = 2 W). The green light was focused on the sample by an objective lens (OBJ, Olympus, 60x, 1.2 NA, water immersion). The back-scattered light, collected by the objective lens (OBJ), was reflected by a long-pass dichroic mirror (DM, with a cut frequency of 600 nm, reflecting the radiation at 532 nm 3 Journal of Spectroscopy and being transparent in the spectral range above 600 nm) and was separated from the holographic wavelength. The Raman-scattered light was reflected by a dichroic beam splitter (BS45; RazorEdge 45°beamsplitter, Semrock) and the Rayleigh light was rejected. The Raman signal was additionally filtered using a laser-blocking filter (NF0; RazorEdge 0°notch filter, Semrock) to eliminate the residual Rayleigh scattering and then focused onto the entrance slit of a monochromator set at 200 μm. The monochromator (S; Acton SP2300, Princeton Instruments) is equipped with a 1200 lines/mm holographic grating providing an estimated spectral resolution of approximately 2 cm −1 . The Raman signal is finally detected by using a back-illuminated CCD camera (CCD2; PIXIS:400BR-eXcelon CCD, Princeton Instruments), thermoelectrically cooled at −70°C.
Different configurations have been proposed for acquiring Raman maps: point, line-scanning, or wide-field Raman imaging systems [55] . Pavillon et al. proposed the use of two galvanomirrors to scan the beam and capture a twodimensional data set containing all spectra of one spatial line, minimizing Raman imaging time [36] . In our recent paper, by exploiting the concept of orthogonal illuminating fields and using spatial light modulators, we realized a scan-free spontaneous Raman imaging system [53] . The sperm cell maps reported in this review have been acquired by scanning the sample using a motorized XY stage (stage travel 100 mm × 120 mm, steps = 50 nm).
The holographic optical setup is basically an interferometer, and the hologram results from the interference of the object beam with the reference wave. Different optical setups have been proposed to perform microscopy with holography [38, 56, 57] . For example, a lens-free and double-wavelength setup has been developed by Su et al. for tracking in real-time 3D sperm trajectories [48] . Merola et al., using optical tweezers to trap and rotate the cell sample, reconstructed a tomographic 3D model of the spermatozoon [45] . Typically, the sources used in holography are lasers; however, coherent beams are very sensitive to any defect in the optical paths and are affected by coherent noise, which reduces the optical quality of the reconstructed images. To ease the problem of coherent noise, the Dubois's group developed a digital holographic microscope that works in transmission with a partially coherent source [58] . The optical setup, used for the experiments reported in the review, was a typical holographic microscope configuration based on the use of a microscope objective, in which the sample is observed in transmission, offering the largest numerical apertures, the easiest combination with the Raman microscope [8, 36] , and allowing to explore transparent specimen including living cells.
The holographic microscope requires the use of coherent illumination, which, in our case, was provided by an active locked single longitudinal mode cavity laser (Laser Quantum, Torus, λ = 660 nm, max power = 200 mW, coherence length > 100 m). The laser beam was split into two beams: the object and reference beams. Importantly, the reference beam was controllable in intensity and polarization, enabling us to improve contrast and signal. The collimated object beam, transmitted by the sample, was collected by the objective lens (OBJ), separated from the Raman signal through the dichroic mirror (DM), and recombined to the reference beam. The recombined object and reference beams were filtered and sent to the CCD camera (CCD1, 1392 × 1040 pixels array; pixel dimensions Δx = Δy = 4.7 μm).
Sample Preparation.
A detailed description of the sample preparation is reported in [7, 8] . In this study, we have used both bovine (provided and prepared by the Institute "Lazzaro Spallanzani", Rivolta d'Adda, Italy) and human sperm cells (provided by Centro di Fecondazione Assistita (CFA), Naples, Italy). The spermatozoa were washed and separated from the seminal fluid, incubated in a fixing solution, and, finally, resuspended in phosphate-buffered saline (PBS). 1 μL aliquot of the sperm suspensions was smeared onto a quartz coverslip air-dried and sealed on a quartz slide by using an ordinary "nail polish."
Results
Correlative Morphological and Physiological Characterization of Sperm Cell Defects.
A powerful method for sperm cell assessment should provide morphological and physiological information on the analysed sample. For this purpose, in this section we correlate the holographic and Raman imaging approach.
The 3D reconstructed phase map is finally shown in Figure 3 (a). Quantitative information on thickness can be obtained from the 3D image, by considering that each value of the digital holography map matrix represents the phase delay of the light passing through the sample that is related to the thickness and refractive index of the sperm cell [7] . The 3D image reconstruction highlighted the presence of a protuberance in the middle piece of the spermatozoon, indicated by the arrow in Figure 3 (a). This alteration is clearly visible in the phase profile reported in Figure 3(b) , associated to the line DD′ shown in the unwrapped phase-contrast map reconstruction of the spermatozoon reported in Figure 3 (c) [4, 7] . The morphological alteration observed in the 3D holographic map was confirmed by the images provided by the dual core confocal microscope [4, 7] . However, in this latter case, a stack of about 40 images was required. Therefore, digital holography has the advantage to manage quantitative information, carrying out different numerical analysis such as area and volume estimation, profile along particular directions, and selection of different zones in one single acquisition [4] [5] [6] [7] [8] .
In order to identify the biochemical nature of the protuberance, we have combined and correlated the digital holography results with the chemical images. A Raman spectrum is acquired at each and every pixel of the spermatozoon image and then interrogated to generate false colour images based on the molecular composition of the cell [53, 59] . The Raman microscope used for this experiment was an inverted confocal Raman microscope (XploRA, Jobin Yvon), equipped with a 532 nm laser source and described elsewhere [60] . A region of 9 μm × 9 μm around the spermatozoon head was selected and imaged by scanning the interest region with steps of 0.2 μm, integration time per spectrum of 10 s, and laser power on the sample of 1 mW. Figure 4(a) shows the spectra acquired from different spermatozoon regions: the membrane (the green line), the nucleus (the red line), the acrosome (the blue line), and the middle piece (the darkyellow line). Pronounced Raman bands assigned to nucleic acids and DNA (726, 785, 1095, and 1581 cm ) identify the nucleus Raman spectrum.
The acrosomal vesicle spectrum reveals specific bands corresponding to proteins and lipids (1200-1300, 1480, and 1600-1680 cm
−1
). The membrane spectrum shows pronounced bands in the region between 1200 and 1400 cm −1 assigned to the presence of lipid and proteins. Finally, the middle piece Raman spectrum is characterized by strong peaks at 1005 and 1450 cm −1 consistent with the presence of proteins in this spectral region [7] . In Table 1 , the Raman bands assigned to different molecular structures are reported [32] . Figure 4(b) shows the spermatozoon 5 Journal of Spectroscopy pseudocolour image reconstructed by associating a different colour to each Raman spectrum class. The chemical image confirmed the presence of the protuberance highlighted through digital holography in the middle piece region of the sperm cell. The Raman spectrum of the middle piece region was characterized by intense and sharp peaks assigned to the proteins (1005 and 1450 cm −1 ), suggesting a correlation between the presence of the protuberance and the increase of the total amount of protein in that region [7] .
Raman Spectroscopy and Holographic Microscopy for
Sperm Cell Sex Sorting. What is needed clinically to study male reproductive function is a noninvasive, nondestructive analytical technique that provides specific information on the morphological and physiological quality of the cell. To demonstrate the sorting accuracy of our approach in providing precise and accurate information on the DNA quality of a specific sperm, we used the holographic/Raman method to identify X-and Y-bearing bovine sperm cells.
A direct method for sex predetermination in animals is based on the identification and sorting of X-and Y-sperm cells. Then, sex-sorted sperm cells can be used in conjunction with the artificial insemination or in vitro fertilization to produce the offspring of the desired sex. The main difference between X-and Y-sperm cells is due to the presence of the X-and Y-chromosomes. Indeed, sex sorting can be performed by analysing the cell head size and volume, being the X-chromosome larger than the Y-chromosome, or the DNA cell content. In this section, we present a correlative holographic/Raman-based method for selective and sensitive discrimination of X-and Y-bearing bovine sperm cells considering both parameters: cell volume and DNA content.
By acquiring a single hologram, it is possible to reconstruct the phase map of a spermatozoon and calculate its thickness and, therefore, its head volume [7] . Figure 5 shows the main steps of the numerical procedure used to calculate the volume of X-and Y-bearing sperm heads. A MATLAB algorithm was implemented in order to evaluate the sperm head area. The reconstructed phase map was first zoomed in and cut. The interest region was isolated from the background by means of the Otsu's threshold method [61] . Then, the boundary of the selected region was determined, and its polygonal interpolation, filling, and expansion were performed in order to estimate the area of the sperm head. Finally, the head volume was calculated as the product of the phase map and the estimated area ( Figure 5 Journal of Spectroscopy [4] . The cell head volume estimation procedure has been performed on 300 X-and 300 Y-bearing sperm cells from three different bulls to take into account the variation from cell to cell and bull to bull. The results of the morphological analysis are summarized in Figure 6 . The mean head volume (±the standard error) of the X-bearing spermatozoa V x = 115 ± 2 μm 3 was slightly larger than that of the Y-bearing spermatozoa V y = 108 ± 3 μm 3 , and the volume variation (about ΔV = 6 0 ± 2 5%) is comparable to the expected differences in DNA content (3.9% in bull) [6] . However, as shown in Figure 6 , the two volume distributions are overlapped and the standard error of the volume variation is comparable to volume variation itself. Consequently, the quantitative morphological analysis performed by digital holography does not allow to unequivocally separate the two cell populations.
We additionally used the Raman approach for the labelfree identification of DNA content for X-or Y-bearing sperm cells and better separating the two cell populations [6] . 300 Raman spectra were acquired from each cell population with 20 s integration time and the experiments have been repeated on three different bulls. The sample autofluorescence was bleached, exposing the cell to the laser light for about 40 s before the spectral acquisition. The spectra were averaged, baseline corrected, smoothed, and normalized. Figure 7 (a) shows typical Raman spectra in the fingerprint region, between 600 and 1800 cm ). The increased intensity of the peaks in X-sperm spectrum can be attributed to slightly higher DNA concentration in X-than in Y-bearing sperm cells. An additional difference between the two population of spectra was observed in the protein region (between 1400 and 1600 cm To evaluate the efficiency of the Raman approach for identification of the X-and Y-chromosome spermatozoa, we used the principal component analysis (PCA) [6, 7] . PCA is a multivariate statistical method that transforms the spectral data to a new coordinate system such that the greatest variance by any data projection comes to lie on the first coordinate (the first principal component, PC1), the second greatest variance on the second coordinate (PC2), and so on. By considering only few principal components, it is possible to reduce the data dimensionality and visualize and process high-dimensional data sets. By selecting the principal components PC2, PC3, and PC4 (providing the 60% of all spectral variability), we find the three-dimensional space through the high-dimensional data set in which the data is most spread out (see Figure 7(c) ) and each cell type is clearly Journal of Spectroscopy separated from the other one as indicated by the different marked and coloured scores. The first principal component PC1 (accounting for the 38% variance) is not included in the data classification, as essentially due to the background variation and not directly attributed to the cell differences [6] . The PCA has been additionally used in a predictive way, by building up the confusion matrix, shown in Figure 7 (d), using the leave-one-out classification approach [62, 63] . The confusion matrix summarizes that 1631 out of 1800 acquired spectra are correctly classified, providing a high prediction accuracy of 90.6%.
Simultaneous Anatomical and Biochemical Analysis of
Sperm Cell Photodamage. The low laser intensities and label-free nature of the proposed Raman/holographic approach should prevent semen damage after sorting, without affecting the discrimination accuracy. To demonstrate the nondestructive ability of our photonic approach for the used laser powers, we investigated the morphological and physiological damage induced by the laser light by using the combined and simultaneous approach based on digital holography and Raman spectroscopy techniques [8] . To simultaneously acquire the Raman spectrum and the hologram of the selected sperm cell, we used a single objective lens (OBJ2 in Figure 2 ) for both red and green light. In this experimental configuration, by focusing the Raman laser on the sample (green laser), the holographic image recorded by using the coherent red light resulted out of its focal plane (Figure 1) . However, the digital holographic approach combined with the double exposure technique powerfully allows to numerically recovering the correct focus plane and remove the optical aberrations [7, 8, 54] . Basically, the first acquisition is performed by illuminating the sample region (Figure 1(a) ), while the second one by illuminating a reference-free region nearby the sample (Figure 1(b) ). The second hologram contains all the required information about the aberrations introduced by the optical components, including the defocusing [4] [5] [6] [7] [8] . Therefore, it is possible to compensate these aberrations and numerically propagate the object optical field [64] . By using this experimental approach, we studied the effect of the green laser light (Raman probe) by irradiating a specific region of the sperm cell and increasing the power from 4.4 mW to 50 mW. A high numerical aperture microscope objective (NA 1.2) has been used to focus the green laser beam into a spot of about 0.36 μm in diameter, providing fluences in the range of 13-165 MJ/cm 2 . The red light used for holographic measurements was set at 100 mW (red light fluence of 100 mJ/cm 2 ). For the selected experimental conditions, any possible degradation effect associated to the red laser light can be neglected, even after hours of irradiation [65] . The postacrosomal sperm cell region was irradiated for 3 s and, after each exposure, a single hologram and Raman spectrum were simultaneously acquired. Figure 8 shows the phase profile variations associated to the irradiating fluences, along two different sperm directions: the line AA′ (Figures 8(b)-8(d) ) and BB′ (Figures 8(f)-8(h) ). The arrow highlights the spermatozoa regions where the most relevant morphological alterations were observed. At laser fluences greater than 40 MJ/cm 2 , we experimentally observed a progressive reduction in the height, and therefore in the volume of the cell as visible in Figures 8(c) and 8(g ) (see grey arrows). The phase map 3D reconstruction of the irradiated spermatozoon, shown in Figure 8 (e), clearly shows On the other hand, at fluences higher than 130 MJ/cm 2 , the phase intensity profile along the line BB′ shows a slight increase of cell height on the left side (see red arrow in Figure 8 ) that could be explained with the internalization of biological material through the plasma membrane when the laser-exposed region was subjected to a sort of "photoporation." Indeed, by analysing Figure 8(d) , the sperm cell seemed to swell. Finally, at fluences higher than 170 MJ/cm 2 , the spermatozoon is completely disintegrated. We simultaneously acquired the Raman signal using a green laser power of 0.5 mW on the sample and an integration time of 20 s (green light fluence of 10 MJ/cm 2 ) to study the physiological cell modification correlated to the morphological alteration. We measured the Raman signal-to-noise ratio (SNR) as the ratio of the maximum Raman peak intensity at 1335 cm −1 to the standard deviation of the region between 1750 and 1800 cm −1 and its variation as function of the applied green light irradiation levels (in terms of fluences and corresponding powers). As shown in Figure 9 , the SNR riches a plateau. In Figure 9 (b), three more representative Raman spectra corresponding to the unexposed, 61 MJ/cm 2 , and 107 MJ/cm 2 fluence are shown. In order to allow the comparison between the data, each spectrum was normalized to the maximum peak and then divided by the standard deviation. The Raman spectra confirm the degradation effect at irradiation fluences above the threshold of 40 MJ/cm 2 . At fluences higher than 130 MJ/cm 2 , an increase of the luminescence background of the Raman signal was observed confirming a local heating of the sample [65] due to the absorption at 532 nm [66] [67] [68] [69] [70] and a possible internalization of biological material. Additional considerations can be done analysing the relative Raman peak variations for fluences lower than 40 MJ/cm 2 .
As shown in Figure 9 (c), the Raman bands related to localized vibration of the DNA bases (700-800 cm −1 ) remains almost invariant when irradiated by the green laser light, while the Raman bands associated to OPO backbone (900-1100 cm −1 ) are subjected to photoinduced oxidation and the peak at 1095 cm −1 , decreases in intensity proportionally to the break of the double-helical structure with the fluence increase [71] . More precisely, it was observed that a relative intensity decreases already after 30 MJ/cm 2 . In the spectral range 1200-1400 cm −1 , an intensity reduction of the Raman bands at 1250 and1375 cm −1 is already visible for fluence of 30 MJ/cm 2 , probably due to alterations in the secondary and tertiary conformation of the proteins. Finally, all native nucleic acids exhibit a broad and intense band near 1668 cm −1 , which originates from coupled C=O stretching and N-H deformation modes (see Table 1 ) that is highly sensitive to disruption of Watson-Crick hydrogen bonding [72, 73] as shown in Figure 9 (c).
Discussion and Conclusions
In this work, a promising optical approach, based on digital holography and Raman spectroscopy technologies, has been proposed for the quality assessment of sperm cells. The great advantage of digital holography is the possibility to retrieve 3D quantitative imaging of the sample under investigation with a single-shot acquisition and directly in its native environment [4] [5] [6] [7] [8] . Raman spectroscopy, based on the inherent molecular vibration excitation/ response, allows label-free, non-destructive (taking into account the laser wavelength and power) biochemical investigations.
Applying the holographic approach for analysing the sperm cells, high-resolution images have been obtained, clearly highlighting some morphological alterations. In particular, a sort of "protuberance" was observed in the postacrosomal region of few investigated spermatozoa and was correlated, by using the Raman imaging approach, to the increased protein concentration (probably due to the presence of centrioles) [7] . Therefore, with the proposed combined approach, it is possible nondestructively delineating the distribution of DNA and protein in the head, acrosome, and tail but also detecting morphologically and physiologically small discrepancies such as the presence of defects in a correlative manner. It provides information at the molecular level, allowing investigation of functional groups, bonding types, and molecular conformations and correlating them to the cell structural properties.
Spectral bands in vibrational spectra are specific to each molecule and give direct information about the biochemical composition and have been used to noninvasively discriminate between X-and Y-bearing bovine sperm cells by analysing the DNA content, plasma membrane proteins, or biochemical signatures with high accuracy, completing the morphological information (volume measurements) provided by the holographic imaging. Therefore, it could be a very promising method to test the functionality of preselected sperm samples due to its high chemical identification capabilities and as a noninvasive optical method. Sperm sample chemical assessment is possible by several methods [74] [75] [76] [77] [78] . However, none of the current available techniques are noninvasive or nondamaging. Therefore, we assessed doses and risks of exposing sperm cells to the excitation laser light during Raman/holographic measurements. In this case, digital holography and Raman spectroscopy simultaneous approach was used for studying the photodamage induced by visible green light in the spermatozoa structure. DNA and proteins resulted the more affected biochemical constituents under visible green light irradiation, already for fluence of 30 MJ/cm 2 (laser power 10 mW), where no morphological changes have been detected by the holographic characterization. This result confirms that there is not a direct relationship between the morphological aspects of the spermatozoon and the integrity of its biochemical structures. That is the reason why an efficient sperm analysis cannot be based only on the morphological criterion but it has to be accompanied and completed with a biochemical characterization, as that provided by Raman spectroscopy. Reducing the laser power to 1-2 mW, we found no evidence for detrimental effects, as DNA fragmentation, membrane damage, and protein alteration, exposing the spermatozoa to the laser light. This opens up possibilities to investigate a multitude of morphological and physiological parameters, for example, DNA fragmentation and presence of vacuole, under near-physiological conditions.
One major limitation is the long acquisition time required to construct the Raman image. Several approaches can be used to overcome this limitation providing a faster imaging modality and allowing investigation of several sperm cells simultaneously, these include (i) the use of galvanomirrors to scan the beam and capture a two-dimensional data set containing all spectra of one spatial line [36] ,
(ii) the use of spatial light modulators and orthogonal illuminating fields to realize a scan-free spontaneous Raman imaging system [53] , (iii) the use of a faster Raman-based imaging approach, such as CARS microscopy [79] [80] [81] [82] [83] [84] or SERS microscopy [29, [85] [86] [87] [88] [89] [90] , providing chemical images with large fields of view at a video rate.
An important consideration to be done concerns the costs and feasibility. Although instrumentation for Raman spectroscopy is fairly simple, indeed portable Raman spectrometers are already available; the combined approach is expensive requiring the use of lasers, "open microscopes," and specialized operators.
Additionally, the performance of a DH system is related to its resolution that is determined by the magnification of the objective lens and by the finite size of the pixels of the CCD due to the finite extent of the camera itself [91] .
In conclusion, the proposed Raman/holography imaging approach could be a very promising method to test the physiology and morphology of preselected sperm cells due its noninvasive and nondestructive nature and its high-specific identification capabilities. This would be crucial for the investigation of human sperm before assisted fecundation, where 100% selection success is mandatory. However, more investigations on living sperm cells closer to the physiological conditions are required in order to validate our results for effective biomedical applications. 
